A growing number of studies indicate that chronic stress can accelerate tumor growth due to sustained sympathetic nervous system activation. Our recent findings suggest that chronic stress is associated with increased IL8 levels. Here, we examined the molecular and biological significance of IL8 in stress-induced tumor growth. Norepinephrine (NE) treatment of ovarian cancer cells resulted in a 250 -300% increase in IL8 protein and 240 -320% increase in its mRNA levels. Epinephrine treatment resulted in similar increases. Moreover, NE treatment resulted in a 3.5-4-fold increase in IL8 promoter activity. These effects were blocked by propranolol. Promoter deletion analyses suggested that AP1 transcription factors might mediate catecholamine-stimulated up-regulation of IL8. siRNA inhibition studies identified FosB as the pivotal component responsible for IL8 regulation by NE. In vivo chronic stress resulted in increased tumor growth (by 221 and 235%; p < 0.01) in orthotopic xenograft models involving SKOV3ip1 and HeyA8 ovarian carcinoma cells. This enhanced tumor growth was completely blocked by IL8 or FosB gene silencing using 1,2-dioleoyl-snglycero-3-phosphatidylcholine nanoliposomes. IL8 and FosB silencing reduced microvessel density (based on CD31 staining) by 2.5-and 3.5-fold, respectively (p < 0.001). Our findings indicate that neurobehavioral stress leads to FosB-driven increases in IL8, which is associated with increased tumor growth and metastases. These findings may have implications for ovarian cancer management.
A growing number of studies indicate that chronic stress can accelerate tumor growth due to sustained sympathetic nervous system activation. Our recent findings suggest that chronic stress is associated with increased IL8 levels. Here, we examined the molecular and biological significance of IL8 in stress-induced tumor growth. Norepinephrine (NE) treatment of ovarian cancer cells resulted in a 250 -300% increase in IL8 protein and 240 -320% increase in its mRNA levels. Epinephrine treatment resulted in similar increases. Moreover, NE treatment resulted in a 3.5-4-fold increase in IL8 promoter activity. These effects were blocked by propranolol. Promoter deletion analyses suggested that AP1 transcription factors might mediate catecholamine-stimulated up-regulation of IL8. siRNA inhibition studies identified FosB as the pivotal component responsible for IL8 regulation by NE. In vivo chronic stress resulted in increased tumor growth (by 221 and 235%; p < 0.01) in orthotopic xenograft models involving SKOV3ip1 and HeyA8 ovarian carcinoma cells. This enhanced tumor growth was completely blocked by IL8 or FosB gene silencing using 1,2-dioleoyl-snglycero-3-phosphatidylcholine nanoliposomes. IL8 and FosB silencing reduced microvessel density (based on CD31 staining) by 2.5-and 3.5-fold, respectively (p < 0.001). Our findings indicate that neurobehavioral stress leads to FosB-driven increases in IL8, which is associated with increased tumor growth and metastases. These findings may have implications for ovarian cancer management.
Emerging evidence suggests that chronic neurobehavioral stress can promote tumor growth (1) secondary to sustained activation of the sympathetic nervous system (SNS). 4 This enhanced SNS activity results in elevated levels of catecholamines, especially norepinephrine (NE) and epinephrine (Epi). Once chronically elevated, these catecholamines have been shown to increase tumor cell proliferation (2-4), adhesion (5, 6) , migration (7) (8) (9) , and invasion (10) . However, the molecular mechanisms underlying these functional effects are not well understood.
In search for mechanisms to explain the accelerated tumor growth in response to chronic stress, we have recently performed microarray analyses on ovarian cancers from women with high risk versus low risk biobehavioral factors (11) . Among the genes showing the greatest up-regulation was interleukin-8 (IL8). IL8 is an 8-kDa molecule, which is a potent proangiogenic cytokine. It is highly expressed in the majority of human cancers, including ovarian carcinoma (12) (13) (14) (15) . Aside from tumor cells, IL-8 is also secreted by many other cell types, including monocytes, neutrophils (polymorphonuclear neutrophils), and endothelial and mesothelial cells.
It is believed that new blood vessel formation is essential for tumor growth and development of ascites, and this phenomenon is regulated by the balance of pro-and anti-angiogenic molecules in the tumor microenvironment (16, 17) . Ovarian cancer cells express ␤-adrenergic receptors (ADRB), and catecholamine-mediated stimulation of these cells results in increased levels of vascular endothelial growth factor (VEGF), a potent proangiogenic factor (1, 18) . IL8 has also been shown to promote angiogenesis, tumor growth, and metastasis in murine carcinoma models (19 -23) , including ovarian carcinoma (24) . Our recent data suggest that chronic stress is associated with increased IL8 levels. However, the exact mechanism of IL8 induction is not fully known. Here, we describe an ADRB2-and FosB-mediated increase in IL8 that provides a new understanding of stress-driven tumor growth.
EXPERIMENTAL PROCEDURES
Cell Lines and Culture Conditions-The HeyA8 and SKOV3ip1 ovarian cancer cell lines were propagated as described previously (25) . Briefly, HeyA8 and SKOV3ip1 cell lines were maintained in RPMI 1640 medium that was supplemented with 10% fetal bovine serum (FBS) and 0.1% gentamicin sulfate (Gemini BioProducts, Calabasas, CA) in 5% CO 2 , 95% air at 37°C.
Analysis of IL8 Expression in Response to NE and Epi Treatment-Real time RT-PCR was performed to assess IL8 mRNA expression in ovarian cancer cells (HeyA8 and SKOV3ip1) after treatment with increasing doses of NE and Epi using the RNAqueous kit (Ambion) following the manufacturer's protocols. For blocking experiments, cells were pretreated with propranolol (10 M) for 3 h prior to the addition of NE or Epi. Cells were then washed twice with D-PBS and placed in Ϫ80°C for at least 20 min. mirVana kit (Ambion) was then used for RNA extraction according to the manufacturer's guidelines. The mRNA was then transcribed into cDNA. PCR amplification was performed on cDNA following the conditions and primers described previously (24) . The cDNA was resolved on 2% agarose gels and quantified using Foto/Analyst Luminary software (Fotodyne, Hartland, WI).
Enzyme-linked Immunosorbent Assay (ELISA)-IL8 protein levels in the supernatant collected from cells treated with either NE or Epi were quantified by ELISA, using the Quantikine Immunoassay kit (R & D Systems, Minneapolis, MN) according to the manufacturer's protocol and as described previously (24) . Additionally, to determine the specific AP1 complex component activated by NE, SKOV3ip1 cells were treated with 10 M NE for 5 min. Nuclear extracts were prepared and probed for specific AP1 family members by ELISA (TransAM AP1-Family Transcription Factor Assay, Active Motif, Carlsbad, CA) as described above. Samples were assayed in duplicate, and data represent the mean fold induction over triplicate experiments.
IL8 Promoter Analysis-HeyA8 or SKOV3ip1 (3 ϫ 10 5 ) cells were transfected (Lipofectamine 2000; Invitrogen) with a fulllength sequence (26, 27) of IL8 promoter (1481 bp upstream of transcription start site) and subsequently assayed for luciferase reporter gene expression (Promega) after 3 h of exposure to vehicle control or pharmacological agonists/antagonists of ␤-adrenergic receptors or PKA. All analyses were carried out in triplicate, and results were compared with those from a truncated promoter sequence (133-bp upstream sequence), and sequences in which AP1, NF-B, or CCAAT/enhancer-binding protein (C/EBP) (NFIL6) motifs were disrupted by site-directed mutagenesis.
Electrophoretic Mobility Shift Assay (EMSA)-HeyA8 ovarian cancer cells were exposed to NE for 15 min, after which nuclear proteins were isolated (CellLytic NuCLEAR, Sigma) and probed for AP1 or Sp1 activation using Cy5-tagged doublestranded oligonucleotides bearing consensus transcription factor-binding motifs (Operon) as follows: Sp1 (Cy5)-5Ј-ATT-CGATCGGGGCGGGGCGAGC-3Ј; AP1 (Cy5)-5Ј-TTCCGG-CTGAGTCATCAAGCG-3Ј. Transcription factor-bound oligonucleotides were resolved by electrophoresis through a 5% acrylamide gel for 90 min at 200 V, followed by fluorescence imaging on a Typhoon 9410 system (GE Healthcare).
Invasion and Migration Assays-The effects of IL8 gene silencing on SKOV3ip1 cell invasion and migration were analyzed using membrane invasion culture system as described previously (24) . Briefly, SKOV3ip1 cells were transfected with IL8 or control siRNA. Twenty four hours later, 1 ϫ 10 5 cells were resuspended in 100 l of serum-free media and added to upper wells. A 0.1% gelatin (migration) or defined matrix (invasion)-coated membrane separated the upper and lower wells. Lower wells contained 5% serum-containing media. The culture system was incubated (migration, 6 h; invasion, 24 h) at 37°C. Membranes were fixed, stained, and counted using light microscopy. Experiments were done in triplicate.
Assessment of Catecholamine Levels in Vivo-NE levels were quantified as described previously (1) . Briefly, HPLC (Agilent 1100 binary HPLC) tandem mass spectrometry (Waters QuattroUltima, Waters) was used on frozen pulverized tumor tissues from stress versus nonstressed mice.
Short Interfering RNA (siRNA)-Twenty four hours prior to stimulation with NE or vehicle control, 1.0 ϫ 10 6 SKOV3ip1 cells were transfected (HiPerfect, Qiagen) with siRNA to Fos, FosB, Jun, JunB, or negative control siRNA (Qiagen, Valencia, CA). Six hours later, cells were assayed for IL8 mRNA expression by real time pRT-PCR using established primer and probe sequences (Applied Biosystems, Foster City, CA). For in vivo studies, targeted siRNA, against human IL8 (target sequence, 5Ј-CAAGGAAGUGCUAAAGAA-3Ј) and human FosB (target sequence, 5Ј-AGGUCACGUUGGCCCUCAA-3Ј) were obtained from Sigma and incorporated into neutral nanoliposomes (1,2-dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC), as described previously (28, 29) .
Immunohistochemistry-After antigen retrieval or fixation, 3% H 2 O 2 was used to block the endogenous peroxidase activity. Protein blocking of nonspecific epitopes was done using either 5% normal horse serum or 1% normal goat serum (IL8, Ki67, MMP-2, MMP-9, and CD31). Slides were next incubated with primary antibody to IL8 (rabbit polyclonal anti-human, 1:400 dilution; BIOSOURCE), Ki67 1:25 dilution, MMP-2 (rabbit polyclonal anti-human, 1:400 dilution; Chemicon, Temecula, CA), MMP-9 (rabbit polyclonal anti-human, 1:400 dilution; Chemicon), or CD31 (rat monoclonal antimouse, 1:800 dilution; Pharmingen) overnight at 4°C. After washing with PBS, appropriate horseradish peroxidase-conjugated secondary antibody were added, and counter staining was done as described previously (1, 28) . To quantify microvessel density (MVD), we examined 10 random 0.159-mm 2 fields at ϫ100 magnification for each tumor and counted the microvessels within those fields (25) . Orthotopic Mouse Model of Chronic Stress-10 -12-Week-old female athymic nude mice were obtained from the NCI-Frederick Cancer Research and Development Center (Frederick, MD) and housed in a pathogen-free environment. These mice were cared for according to the guidelines of the American Association for Accreditation and Laboratory Animal Care and the United States Public Health Service Policy on Human Care and Use of Laboratory Animals. All animal FIGURE 3. NE transcriptional control of the IL8 promoter. IL8 promoter activity was assayed by expression of a luciferase reporter gene in HeyA8 ovarian cancer cells after 3 h of exposure to NE (10 M). The role of ␤-adrenergic signaling was evaluated by pretreatment of NE-exposed cells with the ␤-blocker propranolol. The role of PKA activity was assessed by pharmacological activation by Bt 2 cAMP (db-cAMP) (100 M), and the role of PKC activity was assessed by pharmacological activation by phorbol 12-myristate 13-acetate (PMA) (10 ng/ml). Similar results were observed for SKOV3ip1 ovarian carcinoma cells (data not shown). Error bars represent S.E. FIGURE 4. Role of adrenergic signaling in IL8 expression. IL8 expression was assessed in SKOV3ip1 ovarian cancer cells at protein (A) and mRNA levels (B) by ELISA and real time RT-PCR, respectively, after 6 h of exposure to NE (10 M). The role of ␤-adrenergic signaling was evaluated by pretreatment of NE-exposed cell with the ␤-blocker propranolol (10 M). The role of PKA activity was assessed by pharmacological activation by Bt 2 cAMP (db-cAMP) (100 M) and forskolin (10 M). The importance of PKA in mediating NE-induced cellular responses was assessed by pretreatment of NE-exposed cells with a PKA-specific blocker KT5720. Similar results were observed for HeyA8 ovarian cancer cells (data not shown). Error bars represent S.E.
work was approved by the MDACC Institutional Animal Care and Use Committee.
Mice were randomly assigned to one of the following six groups (n ϭ 10/group): (a) control siRNA-DOPC; (b) IL8 siRNA-DOPC; (c) FosB siRNA-DOPC; (d) control siRNA-DOPC ϩ daily stress; (e) IL8-siRNA-DOPC ϩ daily stress, and (f) FosB siRNA-DOPC ϩ daily stress and appropriate groups were subjected to restraint stress for 3-4 weeks (HeyA8 and SKOV3ip1, respectively) as described previously (1) . Briefly, human ovarian cancer cells (SKOV3ip1 and HeyA8) were grown in culture and collected (SKOV3ip1, trypsin in EDTA, or HeyA8, EDTA), washed with Hanks' balanced salt solution (Invitrogen), and resuspended at 1.25 ϫ 10 6 cells per ml (HeyA8) or 5 ϫ 10 6 cells per ml (SKOV3ip1); 200 l of the appropriate cell suspension was injected in mice intraperitoneally. For metastasis-specific in vivo models, SKOV3ip1 (1.6 ϫ 10 6 ) cells were suspended in 30 l of Hanks' balanced salt solution (Invitrogen) and injected directly into the right ovary of anesthetized nude mice through a 1.5-cm intraperitoneal incision. One week after cell injection, staples were removed, and mice were subjected to daily restraint stress. siRNA-DOPC treatment directed against IL8 or FosB was also started 7 days after tumor cell injection. Following tumor cell injection, restraint stress was continued for an additional 3 weeks. Targeted siRNA-DOPC therapy was continued twice weekly until the end of the experiment. At this point, mice were sacrificed; tumors were harvested, and the tumor weight and number and location of nodules were recorded.
For noninvasive imaging of metastasis and tumor growth in vivo, we used luciferase-expressing (30) SKOV3ip1 ovarian cancer cells (1 ϫ 10 6 ). Mice were imaged by in vivo imaging system (Xenogen IVIS-200) weekly to assess tumor growth and metastasis.
Statistical Analysis-Continuous variables were compared with Student's t test if normally distributed. Differences in variables that were not normally distributed were compared using a nonparametric test (Mann-Whitney U test). Only two-tailed values are being reported in this study. We considered p Ͻ 0.05 to be significant.
RESULTS

Effect of NE Treatment on IL8
Production-We first examined whether NE or Epi stimulation directly increased IL8 production by ovarian cancer cells. IL8 levels were determined using ELISA (Fig. 1 ) and real time RT-PCR (Fig. 2) . The mean basal level of IL-8 secretion by the ovarian cancer cells ranged between 78.4 and 182.7 pg/ml. NE treatment of ovarian cancer cells resulted in a 250 -320% (p Ͻ 0.01) increase in IL8 protein (Fig. 1A) . Epinephrine treatment resulted in similar increases (Fig. 1B) compared with control. Additionally, NE treatment resulted in a 240 -320% (p Ͻ 0.01) increase in IL8 mRNA levels compared with control (Fig. 2) .
Role of NE in Transcriptional Control of IL8 Promoter-To determine whether increased transcriptional activity of the IL8 promoter was responsible for catecholamine-mediated increases in IL8 levels, we examined the effects of norepinephrine on a luciferase promoter construct driven by NE. Following transfection, HeyA8 ovarian cancer cells were assayed after 3 h of exposure to norepinephrine (Fig. 3) . Norepinephrine treatment resulted in 3.5-4-fold (p Ͻ 0.05) increase in IL8 promoter activity. Pretreatment of ovarian cancer cells (HeyA8) with a ␤-blocker (propranolol) completely blocked the effects of NE. Direct activation of the ␤-adrenergically linked cAMP/PKA signaling pathway by Bt 2 cAMP also resulted in 2.5-fold increase in IL8 promoter activity (p Ͻ 0.05). Those effects were specific to the PKA pathway, as treatment with the PKC activator phorbol 12-myristate 13-acetate had no effect. Similar results were seen with the SKOV3ip1 cells (data not shown).
Role of Adrenergic Signaling in IL8 Production-Both ADRB1 and ADRB2 are expressed in the HeyA8 and SKOV3ip1 ovarian cancer cells (supplemental Fig. 1 ). To delineate the pathway responsible for increased IL8 levels, we determined the importance of ADRB in response to NE treatment (Fig. 4) . IL8 protein (ELISA, Fig. 4A ) and mRNA (real time RT-PCR, Fig. 4B ) levels were assessed in the SKOV3ip1 ovarian cancer cells 6 h after exposure to NE. Treatment with NE resulted in 325% increase FIGURE 5 . Role of AP1 in NE-mediated IL8 induction. A, analysis of fulllength and truncated IL8 promoter sequences identified NE-responsive transcription elements within 133 bp upstream of the transcription start site. Sitedirected mutagenesis of a predicted AP1 response element and a predicted CCAAT/enhancer-binding protein (C/EBP) (NFIL6) site each partially abrogated NE-mediated induction of the IL8 promoter, whereas mutagenesis of a predicted NF-B response element enhanced IL8 promoter response to NE. B, electrophoretic mobility shift assay of HeyA8 nuclear extracts using a fluorescence-tagged consensus oligonucleotide target to assess activation of AP1 or Sp1 15 min after exposure to NE. C, role of AP1 complex components in mediating NE-induced IL8 expression was evaluated using real time RT-PCR in ovarian cancer cells after silencing Fos, FosB, Jun, and JunB. Average fold change in IL8 mRNA is presented. Error bars represent S.E. NOVEMBER 12, 2010 • VOLUME 285 • NUMBER 46 in IL8 protein and 398% increase in IL8 mRNA levels compared with control (p Ͻ 0.001). In the absence of NE, propranolol (␤-blocker) treatment alone had no significant effect on IL8 levels. Pretreatment of cells with propranolol completely abrogated the stimulatory effects of NE.
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Next, the role of PKA was assessed (Fig. 4) by pharmacological activation by Bt 2 cAMP or forskolin. Treatment of SKOV3ip1 cells with Bt 2 cAMP or forskolin resulted in 282 and 298% increase in IL8 mRNA and 289 and 275% increase in IL8 protein levels (p Ͻ 0.01). The importance of PKA in mediating NE-induced cellular responses was further assessed by pretreatment of NE-exposed cells with a PKA-specific blocker (KT5720). Pretreatment of SKOV3ip1 cells with KT5720 completely abrogated NE-induced increases in IL8 mRNA and protein. Similar results were observed for HeyA8 cells (data not shown).
Determining the NE-responsive Transcriptional ElementsTo identify the NE-responsive transcriptional elements, we utilized a truncated form of the IL8 promoter (Fig. 5A) . The NEresponsive transcriptional elements were found within 133 bp upstream of the transcription start site. Here, NE signaling to a full-length IL8 promoter resulted in 3.8-fold induction (p Ͻ 0.05) in luciferase reporter gene activity. Site-directed mutagenesis of predicted AP1 response elements and a predicted CCAAT/enhancer-binding protein (NFIL6) site each partially abrogated (by 55 and 39%, respectively) the NE-mediated induction of the IL8 promoter. Mutagenesis of a predicted NF-B response element enhanced IL8 promoter response to NE (by 31%, p Ͻ 0.05).
Next, we asked whether the AP1 complex was responsible for the catecholamine-mediated increases in IL8. To determine whether NE activated AP1 complex transcription factors, we assayed nuclear localization of AP1 (or Sp1 as a control) by electrophoretic mobility shift assay (EMSA) of nuclear proteins captured 15 min after NE exposure ( Fig. 5B and supplemental  Fig. 2 ). NE treatment resulted in a 50% greater band intensity (p Ͻ 0.05) compared with the control group. These effects were specific to AP1, in that NE had no significant effect on the magnitude of Sp1 binding.
We also performed an additional experiment to confirm our finding using an ELISA approach (supplemental Fig. 3 ). To determine the specific AP1 complex components responsive to NE treatment, we examined the NE-induced activation of specific AP1 family components (c-Fos, FosB, Fra1, c-Jun, JunB, and JunD) by detecting nuclear accumulation of individual proteins using ELISA. SKOV3ip1 cells exposed to NE (10 M) for 5 min resulted in the greatest increase in FosB protein (by 1.45-fold above base line).
Role of AP1 Complex Components in NE-induced IL8
Production-To identify the specific AP1 complex component responsible for catecholamine-mediated increase in IL8 levels, we assessed changes in IL8 mRNA with real time RT-PCR after silencing AP1 components (Fos, FosB, Jun, and JunB) with specific siRNAs followed by NE treatment (Fig. 5C ). Despite Fos, Jun, and JunB silencing, NE treatment resulted in 2.5-3.3-fold increase in IL8 mRNA (p Ͻ 0.01). However, pretreatment of cells with FosB siRNA completely abrogated the stimulatory effects of NE.
Functional Effects of NE on Ovarian Cancer Cells-To determine whether NE promoted aggressive features in ovarian cancer cells, we carried out several experiments utilizing in vitro culture systems. First, we examined the effects of NE (10 M) on SKOV3ip1 cell proliferation at 48 h using Click-iT EdU Alexa Fluor-488 flow cytometry kit. NE treatment had no effect on ovarian cancer cell proliferation (supplemental Fig. 4A ). Additionally, to determine whether catecholamine treatment FIGURE 6. Effect of IL8 or FosB silencing on stress-mediated tumor growth. Nude mice were subjected to 2-h daily restraint stress each morning for 3-4 weeks using HeyA8 and SKOV31ip1 ovarian cancer models. A and B, IL8 and FosB silencing was achieved with specific siRNAs incorporated into neutral nanoliposomal DOPC, injected twice weekly. C, ADRB activity was blocked with propranolol (␤-blocker). At the end of each study, mice were sacrificed, and tumors were harvested. Average tumor weight (bar graph) is shown. Error bars, represent S.E.
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affected the cell cycle, we treated SKOV3ip1 cells for 6, 12, and 24 h with NE (10 M). NE treatment had no effect on cell cycle (supplemental Fig. 4B) .
Next, to examine whether NE treatment affected tumor cell invasive and migratory potential and whether these effects were mediated via IL8, we used the membrane invasion culture system. The SKOV3ip1 cells were exposed to NE (10 M) with or without IL8 siRNA. IL8 siRNA without NE resulted in reduced invasion by 22% (p Ͻ 0.05) and migration by 38% (p Ͻ 0.05) compared with control siRNA treatment (supplemental Fig.  4C ). NE treatment resulted in significantly higher invasion (60%, p Ͻ 0.01) and migration (128%, p Ͻ 0.01) compared with controls. IL8 siRNA abrogated the effects of NE on invasion and migration.
Effect of IL8 or FosB Silencing on Stress-mediated Tumor Growth and
Metastasis-Based on our in vitro studies, we utilized a well characterized in vivo model of chronic stress to determine the biological relevance of IL8 and FosB. We have recently shown that chronic stress leads to SNS activation and increased levels of NE/Epi, resulting in enhanced tumor growth and metastasis (1) . We have also introduced a novel and effective method for in vivo siRNA delivery using DOPC nanoliposomes (29) . In the stress group, mice were subjected to daily restraint stress for 2 h, which resulted in substantial increases in tumoral NE levels (65.9 pg/mg in controls versus 614.25 pg/mg in the stress group; p Ͻ 0.001). Daily restraint stress increased tumor growth by 235% (HeyA8, p Ͻ 0.008) and 221% (SKOV3ip1, p Ͻ 0.001; Fig. 6 and supplemental Fig. 5 ). IL8 and FosB siRNA-DOPC in the nonstress setting resulted in reduced tumor weight (Fig. 6 ) in the HeyA8 (by 54%, p ϭ 0.18, and 26%, p Ͻ 0.5, respectively) and SKOV3ip1 (by 41%, p Ͻ 0.006, and 28%, p Ͻ 0.10) models. IL8 and FosB siRNA-DOPC completely blocked the stress-stimulated tumor growth in both animal models.
To address possible involvement of IL8 and FosB in stress-mediated effects of metastasis, we also examined the number of nodules. In the nonstress setting, IL8 and FosB siRNA-DOPC reduced the number of tumor nodules in both HeyA8 (by 40%, p Ͻ 0.30, and 42%, p Ͻ 0.27, respectively) and SKOV3ip1 (by 21%, p Ͻ 0.30, 51%, p Ͻ 0.01, respectively) models (supplemental Fig. 6 ). Tumor nodule counts in the control siRNA-DOPC ϩ daily stress group were significantly higher (SKOV3ip1; 54%, p Ͻ 0.01). In the setting of chronic restraint stress, IL8 and FosB siRNA completely abrogated the effects of stress on tumor metastasis.
Next, to determine the effects of daily restraint stress on the patterns of metastasis, we utilized a fully orthotopic mouse model whereby the tumor cells are injected directly into the ovary (31) . SKOV3ip1 ovarian cancer cells were injected directly into the right ovary of nude mice followed FIGURE 7 . Effect of daily stress on patterns of metastasis. SKOV3ip1 cells were injected directly into the mouse ovary through a surgical skin incision. One week later, nude mice were subjected to a 2-h daily restraint stress each morning for 4 weeks. A, IL8 silencing was achieved with specific siRNA incorporated into neutral nanoliposomal DOPC, injected twice weekly. At the end of the study, mice were sacrificed, and tumors were harvested. Average number tumor of nodules (bar graph) is shown. Error bars represent S.E. B, representative images of extent of metastatic spread in stress versus nonstress mice. Metastatic areas are outlined with white dots. C, bar graph represents percent of animals in each study arm with metastasis to intraperitoneal and distant organ sites. Para-aortic lymph nodes are depicted as para-aortic LN. NOVEMBER 12, 2010 • VOLUME 285 • NUMBER 46 by exposure to daily restraint stress, with or without IL8 siRNA-DOPC treatment (Figs. 6B and 7A ). In the nonstress setting, IL8 siRNA-DOPC did not significantly affect metastasis. Daily restraint stress resulted in significantly higher (63%, p Ͻ 0.04) tumor nodule counts and distant metastatic spread compared with control siRNA-DOPC. IL8 siRNA-DOPC completely abrogated the effects of stress on tumor metastasis. To confirm that metastatic nodules represented cancer tissue, we also utilized luciferase-labeled SKOV3ip1 ovarian cancer cells (30) in this model and evaluated tumor growth and metastasis using weekly bioluminescence imaging (supplemental Fig. 8 ). Daily restraint stress resulted in substantially increased tumor growth and metastasis compared with controls.
IL8-and FosB-driven Tumor Growth
To determine whether the effects of daily restraint stress were indeed due to mouse catecholamines, we used daily propranolol (␤-blocker). In the nonstress setting, propranolol had no significant effect on tumor growth or metastasis. Chronic stress resulted in significantly higher tumor growth (156%, p Ͻ 0.01) and tumor metastasis (63%, p Ͻ 0.04). Concomitant treatment with propranolol abrogated the stimulatory effects of daily restraint stress ( Fig.  6C and supplemental Fig. 7 ) on tumor growth.
Next, to determine the effect of chronic stress on IL8 protein levels, we used immunohistochemistry (Fig. 8A) . Chronic stress resulted in substantially increased IL8 levels, whereas IL8 siRNA-DOPC treatment effectively reduced IL8 expression in stress versus nonstress settings.
Role of IL8 in Mediating Stressinduced Changes in Tumor Microenvironment-To determine whether the tumor microenvironment played a role in stress-associated increases seen in tumor metastasis, we determined MMP-2 and MMP-9 levels in tumor tissues from the SKOV3ip1 orthotopic ovarian cancer metastasis model (Fig. 8A) . Immunohistochemistry analysis revealed a substantial increase in MMP-2 and MMP-9 staining in tumors of mice that were exposed to daily restraint stress, which was blocked by IL8-targeted siRNA.
To determine the effect of restraint stress on tumor cell proliferation, we stained (Ki 67) tumor tissues from stress versus nonstress mice that were treated with either nonspecific (control) siRNA or IL8-targeted siRNA (Fig. 8B) . In the nonstress setting, IL8 siRNA treatment resulted in 16% reduction (p Ͻ 0.05) in proliferation index compared with control. IL8 siRNA in the stress groups resulted in 19% (p Ͻ 0.05) reduction in proliferation index. Daily stress had no effect on cell proliferation. 
Chronic stress is known to result in increased angiogenesis (1) . Here, we asked whether IL8 and FosB mediated the effects of chronic stress on tumor angiogenesis (Fig. 8C) . We assessed MVD on fresh frozen (OCT) tumor tissues from each of the six groups using CD31 staining. In the HeyA8 model, control siRNA-DOPC ϩ daily stress resulted in significantly higher (157%, p Ͻ 0.01) MVD compared with the nonstress, control siRNA-DOPC treatment group. IL8 or FosB siRNA-DOPC treatment resulted in complete abrogation of stress-induced angiogenesis and reduced the MVD count to that of the nonstress, control siRNA-DOPC treatment group. These findings further suggest that increased production of IL8 in response to chronic stress is mediated by FosB (Fig. 9) . Here, elevated catecholamine levels first induce FosB followed by increased production of IL8, which consequently resulted in enhanced tumor growth and metastasis.
DISCUSSION
The key findings of this study are that the stress hormones NE and Epi can enhance IL8 expression and thereby mediate effects of stress on growth and metastasis of ovarian cancer. Our data also show that the AP1 complex component FosB plays a critical role in mediating these effects. This pathway proceeds through the ADRB2 and is blocked by propranolol. Furthermore, in vivo targeting of IL8 and FosB with siRNA prevented stress-induced increases in tumor growth, metastasis, and tumor-associated angiogenesis. These effects appear to stem from a reduction in proangiogenic factors present in the tumor microenvironment that led to decreased tumor vascularity.
Many observations have suggested an association between chronic stress and malignant progression (32) (33) (34) ; however, there are little data elucidating the biological mechanisms of such effects. Most studies that link chronic stress to tumor progression have reported indirect effects such as via the immune system (32, 35) . Chronic stress in both animals and humans has been shown to decrease cellular immune parameters (36 -38) . However, the uncertain role of immune system in solid tumors led us to consider an alternative hypothesis. Stress hormones from the SNS might directly regulate the growth and metastatic potential of tumor cells, and this effect might be independent of the immune system (1). Recent evidence confirms that alterations in neuroendocrine dynamics caused by chronic stress can directly regulate tumor pathogenesis (1, 2, 10, 39) .
Chronic stress has been shown to increase NE and Epi levels leading to augmented tumor growth and metastasis (1) . Once elevated, these catecholamines cause increased production of IL8, which is a potent proangiogenic cytokine overexpressed in most human cancers, including ovarian carcinoma (12) (13) (14) (15) . More recently, IL8 gene silencing with liposomal siRNA incorporated in DOPC has shown decreased tumor growth and angiogenesis (24) in ovarian cancer.
FosB is a member of the Fos gene family (Fos, FosB, FosL1, and FosL2). Although this family of genes has been extensively studied as immediate early genes, the role of FosB in response to chronic stress has not been previously investigated. The Fos family of proteins form heterodimers with Jun family members and make up a variety of AP1 complexes. These AP1 complexes bind to the 12-O-tetradecanoylphorbol-13-acetate-response elements in the promoter and enhancer regions of their target genes (40), thus critically regulating many different cellular and biological processes (41) . For instance, AP1-regulated genes include important regulators of cell survival, proliferation, invasion, metastasis, and angiogenesis (42) (43) (44) (45) (46) . ⌬FosB, which is a spliced variant of FosB, has been shown to mediate the effect of cocaine addiction in the nucleus accumbens, thereby contributing to cocaine addiction. Mice lacking full-length FosB express a specific behavioral defect in reproduction and do not have the ability to nurture their young (47) . Our data indicate that FosB also plays a major role in IL8 induction in response to stress hormones.
IL8 has been shown to modulate matrix metalloproteinase expression in tumor and endothelial cells, thereby regulating angiogenic activity (22, 40, 48, 49) . In this study, we show that NE treatment resulted in significantly increased IL8 mRNA and protein levels. Our in vitro data indicate that IL8 promoter activity is increased with NE and Epi treatment of ovarian cancer cells. This activity was abrogated with a ␤-blocker. IL8 promoter deletion constructs identified the AP1 transcriptional complex as a potential mediator of these effects, and siRNA inhibition studies confirmed that FosB in particular mediates the effects of stress hormones, resulting in increased production of IL8. High levels of IL8, as demonstrated with our in vivo orthotopic mouse model, resulted in enhanced tumor growth and metastases. These stress-induced increases in tumor growth and metastasis were blocked by silencing IL8 and FosB RNA. Moreover, the increased tumor growth and metastases seen in the control siRNA-DOPC ϩ daily stress group com- pared with the nonstress control siRNA-DOPC group correlate with the effects of stress on angiogenesis. IL8 and FosB silencing block the effects of stress-induced increases in tumor vascularity. These findings point to a prominent role for increased SNS activity in promoting tumor growth and metastasis via FosBmediated production of IL8.
Although it has been known that biobehavioral processes modulate the activity of many hormones by the central nervous system (50, 51) , and those processes in turn can module tumor cell biology (52, 53) , specific interventions targeting the pathways involved in neuroendocrine function may represent novel strategies for helping individuals fight the effects of stress on tumor progression.
